We use the measured X-ray luminosity function (XLF) of high-mass X-ray binaries (HMXBs) to constrain the common envelope (CE) mechanisms, which usually serve as a key process governing the binary evolution. We show that the XLF can be reproduced quite closely under the canonical energy budget approach for CE evolution, while the angular momentum budget approach seems to predict HMXB population ∼ 1 to 2 orders of magnitude greater than observed.
Introduction
The common envelope (CE) evolution is among the most important and least-wellconstrained major process in binary evolution. It is commonly thought to occur following a period of rapid mass transfer from one star to the other. When the envelope of one star expands and fills its Roche lobe (RL), a CE forms if the receiving star can not accommodate the accretion of the material at such high mass transfer rate. The result is one star and the core of the other start to orbit within the envelope (see Iben & Livio 1993; Webbink 2008; Taam & Ricker 2010; Ivanova et al. 2013 , for reviews). The orbital energy and angular momentum of the orbiting components are then transferred into the CE via an as yet poorly understood mechanism. This may end with a stellar merger or, if the binary can survive, typically with a much shorter period. The CE evolution is critical to explain the formation of various kinds of compact binaries.
Despite extensive three dimensional hydrodynamical simulations (e.g., Rasio & Livio 1996; Sandquist et al. 1998 Sandquist et al. , 2000 Fryxell et al. 2000; O'Shea et al. 2005; Fryer et al. 2006; Passy et al. 2012; Ricker & Taam 2012) , the physics of the CE evolution still remains poorly understood. This inability is primarily due to a complex mix of physical processes operating over a large range of time and length-scales involved during the CE phase. Due to the difficulties in modeling the detailed CE evolution, binary population synthesis (BPS) simulations commonly resort to simplified and parameterized descriptions to relate the postand pre-CE orbital parameters (Tutukov & Yungleson 1979) . One such parametrization dictates the CE phase in terms of a simple energy budget (known as α CE -formalism, van den Heuvel 1976; Webbink 1984; Livio & Soker 1988; Iben & Livio 1993 ) and the other in terms of the angular momentum budget (named as γ-algorithm, Nelemans et al. 2000; Nelemans & Tout 2005) . The two approaches both have the power to account for some specific classes of post CE binaries (PCEBs) and single stars, such as cataclysmic variables (CVs, King 1988; Warner 1995) , subdwarf B binaries (Morales-Rueda et al. 2003; Han et al. 2002 Han et al. , 2003 , low mass X-ray binaries (Charles & Coe 2006) , and other objects thought to have suffered a merger, for example gamma-ray bursts (GRBs, Fryer et al. 1999; Thöne et al. 2011) and Type Ia supernova (SNe Ia, Iben & Tutukov 1984; Belczynski et al. 2005; Ruiter et al. 2011; Meng et al. 2011; Meng & Yang 2011) . However which is the true one is still open to debate.
High mass X-ray binaries (HMXBs) are also among the most commonly observed objects which CE evolution strongly governs. Especially for the most luminous HMXBs, CE is expected to be vital to make the binary orbits tight enough to promote stronger stellar wind onto the compact star. Moreover, tight orbits invoked by CE may also help the binary survive the SN kick, hence contribute to the production of HMXB populations. However if the initial binary components are too close, CE may lead to direct mergers, reducing the HMXB production. Thus the populations, as well as the specific characteristics (for example the orbital period distribution) of HMXBs can also be explored as a useful tool to study the physical interaction during the CE phase.
Thanks to Chandra's unprecedented sensitivity and angular resolution (Weisskopf et al. 2000) , a group of HMXBs has been discovered in nearby galaxies (Liu et al. 2005 , which makes the population studies possible. One of the most striking features of HMXB population is that the X-ray luminosity function (XLF) follows a universal single smooth power law form over a broad X-ray luminosity range from ∼ 10 35 to ∼ 10 40 ergs s −1 . Grimm, Gilfanov & Sunyaev (2003a) first showed that for a wide range of star formation rate (SFR), the luminosity distribution of HMXBs in a galaxy can be approximately described by a universal XLF, which is a power law with slope of ∼ 1.6. However it was unclear whether the features corresponding to the Eddington luminosities of neutron stars (NSs) and black holes (BHs) exist due to limited sample available. They also found that the normalization of HMXB XLF is proportional to the SFR and proposed that HMXBs can be used as an alternatively independent SFR indicator. With substantially improved statistical accuracy and better control of systematic effects, Mineo, Gilfanov & Sunyaev (2012, hereafter MGS12 for short) revisited this problem and found that the average XLF of HMXB populations is entirely consistent with the one obtained by Grimm, Gilfanov & Sunyaev (2003a) . The XLF does follow a power law with slope of ∼ 1.6 in the wide luminosity range. The collective luminosity of HMXB populations scales with the SFR as L X ≈ 2.5 · 10 39 × SFR, which though still bears some scatter. They did not find any significant feature in the XLF near the critical Eddington luminosity of a NS or a stellar mass BH, either.
In the present work, we applied the updated evolutionary population synthesis (EPS) techniques to model the observed universal XLF for a range of theoretical models describing the CE phase. We consider both the α CE -algorithm with different choices of α CE , and the γ-algorithm. We compare the observational sample with our theoretical populations, which may help understand the CE evolution and discriminate the CE mechanisms.
This paper is organized as follows. In §2 we describe the population synthesis method and the input physics for X-ray binaries (XRBs) in our model. The calculated results and discussions are presented in §3. Our conclusions are in §4.
MODEL DESCRIPTION
To study the HMXB populations, we use the EPS code initially developed by Hurley et al. (2000 Hurley et al. ( , 2002 and recently updated by Zuo et al. (2013) to calculate the expected numbers and properties. In the present code, The model for compact object formation has been significantly revised (Zuo et al. 2013) . The formation of NSs through electron capture supernovae (ECS) is also taken into account (Podsiadlowski et al. 2004 ).
We also consider the fallback process for delayed BH formation and direct BH formation during core collapse (Fryer & Kalogera 2001) . The mass loss prescriptions for the winds of massive stars (Vink et al. 2001 , see also Belczynski et al. 2010 ) and the compact remnant mass formation prescriptions , see also Belczynski et al. 2012 ) have been adopted in the code. We also update the criterion for CE as described below.
The CE Phase
During binary evolution, the mass ratio (q = M 2 /M 1 ) is a crucial factor determining the stability of mass transfer. If it is larger than a critical value, q crit , the mass transfer is dynamically unstable and a CE phase follows (Paczyński 1976) . The ratio q crit varies with the evolutionary state of the donor star at the onset of Roche lobe overflow (RLOF) (Hjellming & Webbink 1987; Webbink 1988; Podsiadlowski et al. 2002; Chen & Han 2008) .
In this study, we adopt an updated q crit (which also depends on the orbital period at the 
where M c1 is the core mass of the donor star, and x=d lnR 1 /d lnM is the mass-radius exponent of the donor star. If the mass donor star is naked helium giant, q crit = 0.784 (see Hurley et al. 2002 , for more details).
Here we specify the details of different model descriptions used for the CE phase. They are summarized in Table 1 , and described as follows.
The α CE -formalism
In the energy budget approach the CE evolution is parameterized in terms of the orbital energy and binding energy as E bind ≡ α CE △E orb (Webbink 1984 (Webbink , 2008 , where the parameter α CE describes the efficiency of converting the orbital energy (E orb ) into the kinetic energy, resulting in the ejection of the envelope, and E bind is the binding energy of the envelope. The CE evolution is governed by the following equation (Webbink 1984; Kiel & Hurley 2006) :
which yields the ratio of final (post-CE) to initial (pre-CE) orbital separations as
where G is the gravitational constant, M c the helium-core mass of the primary star (M 1 ), R L 1 the RL radius of the primary star, M env the mass of the giant's envelope, a i and a f denote the initial and final orbital separations, respectively, and λ is a parameter which depends on the stellar mass-density distribution.
We calculate the values of λ (Zuo et al. 2013 , also see Xu & Li 2009 and Loveridge et al. 2010 ) rather than the canonically assumed constant value (i.e. λ = 0.5, Hurley et al. 2002; Zuo et al. 2008) . The λ value covers CE events, and depends on structure and evolution of the donor star.
We consider three constant, global values of α CE . For our basic model we use α CE = 0.5 (Zuo et al. 2013) . We also consider two other extreme values of α CE = 1.0 and 0.1 since α CE is expected to be within unity as we have considered the internal energies in calculating E bind . Models with different values of α CE are denoted as A01, A05 (basic model) and A10, respectively, where the last two digits correspond to the value of α CE .
Alternatively, recent studies on WD binaries show that α CE may be a function of binary parameters rather than a constant, global value for all systems (Politano & Weiler 2007; Zorotovic et al. 2000; De Marco et al. 2011; Davis et al. 2012) , though the final relationship
has not yet been well developed. Following De Marco et al. (2011) we adopt
where q is the ratio of the companion's mass to the primary's mass at the time of the CE interaction, and this model is denoted as Aq.
The γ-algorithm
In the angular momentum budget approach the CE interaction is parameterized in terms of γ, the ratio of the fraction of angular momentum lost to the fraction of mass loss:
where △J is the change of the total angular momentum (J) during the CE phase. Implicitly assuming the conservation of energy, the orbital separation after the CE is then given by
This alternative description was first suggested by Nelemans et al. (2000) in their investigation of the formation of double WD binaries. They found that when the energy approach is applied to describe the first CE phase, a negative value of α CE is needed, which is clearly unphysical. While the angular momentum approach can give a possible solution.
Further studies by Nelemans & Tout (2005) revealed that not only double WDs, but known pre-CV and sdB plus main-sequence (MS) binaries can be explained by the γ-algorithm. Nelemans & Tout (2005) found that a value of 1.5 ≤ γ ≤ 1.75 could account for all observed PCEBs.
For the γ-algorithm, we consider four constant, global values of γ of 1.5, 1.6, 1.7 and 1.75 in our calculation. These models are denoted as G150, G160, G170 and G175, respectively, where the last three digits correspond to the value of γ.
Input Parameters
The EPS evolves a large number of binary systems, initially consisting of two zero-age MS stars. As HMXBs in the MGS12 samples reside in nearby star-forming galaxies 1 , we adopt a constant star formation rate (SFR) for 50 Myr and a fixed subsolar metallicity The probability of a HMXB forming with a given compact star mass, secondary mass M 2 and orbital period P orb is determined by the probability of the initial parameters of the binary system. We assume that the distribution of the primary mass (M 1 ) is distributed according to the initial mass function (IMF) given by Kroupa (2001, hereafter KROUPA01) .
1 Due to heterogeneous data of the galaxies, the metallicity estimation for each galaxy is still not available. However the rough value is most likely to be around subsolar as a whole (private communication with Mineo S.)
2 We also change the number of the binary systems by a factor of eight, and find no significant difference in the final results.
For the initial secondary's mass (M 2 ), a power law distribution of P (q) ∝ q α is assumed, where q ≡ M 2 /M 1 . In our basic model, a flat distribution is assumed, i.e. α = 0. Finally we also adopt a logarithmically flat distribution of initial orbital separations ln a (Hurley et al. 2002) .
We assume that binaries occupy half stars in the star-forming galaxies (i.e., the binary fraction f = 0.5), and that they are initially in a circular orbit. For the SN kicks, we assume a Maxwellian distribution with σ kick = 150 km s −1 (Zuo et al. 2013) . For compact objects formed with partial mass fallback, the natal kicks are decreased by a factor of (1-f b ) where f b is the fraction of the stellar envelope that falls back after the SN explosion.
Several key parameters which may affect XLFs significantly (such as IMF, the natal kick velocity) have also been examined by Zuo et al. (2013) under the α CE -formalism. In order to make comparison and further discrimination, we constructed several other models (listed in Table 2 ) under the γ-algorithm by varying the key input parameters, as described below.
(1) In model M2 we adopt a higher value of the binary fraction f = 0.8 as massive young-type star clusters are likely to contain more binaries than late-type ones (Fischer & Marcy 1992; Lada 2006; Kobulnicky & Fryer 2007) .
(2) In model M5 we adopt an IMF of Matteucci & Tornambè (1987, hereafter MT87, with power law slope of -1.3 in 0.08-1.0M ⊙ , but -1.95 in 1.0-80.0M ⊙ ), which is more skewed towards high mass than in KROUPA01 for the primary stars since recent observations found more massive stars in compact young massive clusters (Sternberg 1998; Smith & Gallagher 2001) . For the mass of the secondary star (M 2 ), we make use of the "twins" model (i.e., α = 1, model M4) since close binary populations are observed to be more likely coupled as "twins" generally (Dalton & Sarazin 1995; Kobulnicky & Fryer 2007) .
(3) Since the natal kick can affect not only the global speed of the binary system (Zuo & Li 2010) but also the outcome of the XRB evolution, we also adopt σ kick = 265 km s −1 (Hobbs et al. 2005 ) in model M6.
(4) In model M7 we reduce the wind mass loss rates by a factor of 2 (e.g., weak winds), as the mass loss rates might be overestimated because stellar winds might be in the form of dense clumps rather than distributed uniformly (i.e., "wind clumping" problem, Osterbrock & Flather 1959; Markova et al. 2004; Repolust et al. 2004; Lépine & Moffat 2008) , or late O and early B type stars have a severe drop of wind mass loss rates than theoretically predicted (i.e., "weak wind problem", Chlebowski & Garmany 1991; Kudritzki et al. 1991; Herrero et al. 2002) .
X-ray luminosity and source type
We adopt the same procedures to compute the 0.5 − 8 keV X-ray luminosity for MS/super-giant (SG) HMXBs and Be-XRBs as in Zuo et al. (2013 
where η bol is the bolometric correction factor converting the bolometric luminosity (L bol ) to the 0.5 − 8 keV X-ray luminosity (Belczynski et al. 2004a) , with an adopted value of 0.4; L bol ≃ 0.1Ṁ acc c 2 whereṀ acc is the average mass accretion rate and c is the velocity of light. We introduce the 'Begelman' factor η Edd to allow super-Eddington luminosities, and the critical Eddington luminosity L Edd ≃ 4πGM 1 m p c/σ T = 1.3 × 10 38 m 1 ergs −1 (where σ T is the Thomson cross section, m p the proton mass, and m 1 the accretor mass in the units of solar mass). We adopt η Edd = 5 for NS XRBs and η Edd = 100 for BH XRBs in the basic model (Zuo et al. 2013) . For transient sources the outburst luminosity is taken as a fraction (η out ) of the critical Eddington luminosity. We take η out = 0.1 and 1 for NS and BH transients with orbital period P orb less and longer than 1 day and 10 hr, respectively (Chen et al. 1997; Garcia et al. 2003; Belczynski et al. 2008 ).
For Be-XRB we use a phenomenological way to define it as in Belczynski & Ziolkowski (2009) . We call any system a Be-XRB if: (1) the accretor is a NS. Be-XRB with BH accretor is not considered since such system has not been found so far (Liu et al. 2005 ; (2) the donor is a MS star (i.e., burning H in its core), and its mass should be greater than 3.0M ⊙ ; (3) only system powered by stellar wind (no RLOF) is considered; (4) its orbital period is in the range of 10-300 days; (5) 
Results
Based on a population of ∼ 700 compact sources, MGS12 constructed the average XLF of HMXBs in galaxies. The XLF follows a smooth power law with a slope of 1.6 over a broad luminosity range from ∼ 10 35 to ∼ 10 40 ergs s −1 . They also gave the scaling relations between the collective luminosity (and number) of HMXB populations with SFR.
In addition, they did not find any significant feature at the Eddington limit for NSs. We model the HMXB XLF under different theoretical models. By comparing the results with observations we try to examine the possible effects of different CE mechanisms.
We adopt eight models (four for α CE -formalism and four for γ-algorithm) with different assumptions for the input parameters (see Table 1 ). Between the two CE schemes, the other parameters are the same, adopted as SFH=50 Myr, α = 0, η Edd =100, f = 0.5 and KROUPA01 IMF, while for each CE approach models are designed by changing only one parameter each time to test its effect. Other choices of α CE between 0.5 and 1.0 and α CE <∼ 0.1 are similar in XLFs to models A05/A10 and A01, respectively, implying that the value of α CE may be constrained to be within ∼ 0.5 − 1.0 while α CE <∼ 0.1 may be excluded. The γ-algorithm fails to reproduce the observed XLF, not only in its shape, but also in the normalization. We note that the γ-algorithm predicts a remarkable luminosity "knee" at L X ∼ 10 40 − 10 41 erg s −1 , which is actually not observed. In addition, the γ-algorithm seems to predict HMXB population that are ∼ 1 to 2 orders of magnitude more than the estimates from observations. Considering that many parameters may impact XLF significantly (Zuo et al. 2013 ), we still can-not make definite conclusions at this stage before further thorough parameter studies. To sum up, all models under the γ-algorithm are unable to reproduce the observed XLF, especially its normalization. We conclude that the α CE -formalism seems more likely to be an appropriate prescription for the CE evolution of HMXBs than the γ-algorithm.
Further support comes from comparison of several observational properties (i.e., orbital period) between the simulated and observed HMXB populations. Shown in Fig. 3 are the detailed components of the simulated XLF (left), and the accretion modes of simulated XRBs (right), and in Fig 4 are the P orb − L X (left) and P orb − M 2 (right) distributions in model G150. We note that under the γ-algorithm HMXBs with naked He donor stars dominate nearly the whole luminosity range of XLF, which is in marked contrast with current observations (only one He-HMXB confirmed in the Galaxy, i.e., Cyg X-3, van Kerkwijk et al. 1992 , and two extragalactic He-HMXBs IC10 X-1 and NGC300 X-1 confirmed by Crowther et al. 2003 Crowther et al. , 2010 . Comparison with Zuo et al. (2013) shows that the simulated HMXBs under the γ-algorithm have a much larger population of short period systems (less than about ten days) than in the α CE -formalism. It is clearly revealed in Fig. 5 for the normalized orbital period P orb distribution in models A05 (left) and G150
(right), respectively. We can see that as time goes by, more and more short period HMXBs are produced under the γ-algorithm, while HMXBs under the α CE -formalism are produced nearly all within the first 20 Myrs. The distinct observational properties of HMXBs, as well as different period distributions may provide further clues to discriminate these models.
In order to give a quick illustration of formation and evolution of these short period binaries, we present one example evolutionary sequence for M 1 , M 2 , P orb , L X of this type of systems under the γ-algorithm in Fig. 6 . We consider a primordial binary system in a ∼ 111.342 R ⊙ circular orbit. The initial stellar masses are 38.006 and 11.290 M ⊙ for the primary and secondary, respectively. The primary evolves firstly, and fills its RL on the HG (time 5.2899 Myr) while the secondary star is still on the MS. At this time, mass of the primary is transferred at a very high rate that the secondary star can-not accommodate the accretion of the material so that a CE forms. The post-CE orbital parameter is governed by the adopted prescription. In the case of the γ-algorithm, it is only determined by three independent masses (the secondary mass, the primary mass and its core mass, see (2010) calculated the present day population of WD binaries, and found a constant, global value of α CE 0.1 is needed to account for the observed population of PCEBs. They also found a nearly ten to one hundred times overabundance of WD binaries under the γ-algorithm. More recent EPS studies on SNe Ia by Meng & Yang (2011) show that only under the α CE -formalism and with a high CE ejection efficiency may the shape of the delay-time distribution and the birth rate of SNe Ia match the observations for the double degenerate (DD) systems, while the α CE -formalism with a low CE ejection efficiency and the γ-algorithm may be excluded. However we caution that little is known about the physical processes during the CE evolution. It seems that neither the α CE -formalism nor the γ-algorithm can account for all the specific classes of observed PCEBs or single stars. Moreover, even within the framework of the α CE -formalism, studies often give controversial results on the possible range of α CE and its dependence on other parameters (see Zorotovic et al. 2000; De Marco et al. 2011; Davis et al. 2011 , also Ivanova et al. 2013 and references therein). Our work suggests that at least in the case of HMXBs, the α CE -formalism may be the more preferred, and a high value of α CE larger than ∼ 0.5 is needed though a constant value is not required. We also show the distinct observational properties, such as the period distributions of HMXBs which may serve as further keys to understand the CE evolution and to discriminate between different CE models.
SUMMARY
We have used an EPS code to model the XLF of HMXBs with a range of theoretical models describing the CE phase. Our study shows that the XLF (both the shape and normalization) can only be reproduced quite closely under the canonical energy budget approach, while the angular momentum budget approach seems to predict much more HMXB population than observed based on our HMXB XLF simulations, and the comparison between observations and theories. We conclude that the α CE -formalism is more likely to be an appropriate prescription for the CE evolution of HMXBs than the γ-algorithm. In addition, we use the measured power law XLF to constrain the model parameters under the α CE -formalism, and find that α CE may be within ∼ 0.5 − 1.0 while α CE <∼ 0.1 may be excluded. We present the detailed properties of HMXB populations under the γ-algorithm, and find that the simulated HMXBs have a much larger population of short period (less than about ten days) BH-He systems than in α CE -formalism, which may serve as further clues to discriminate these two models. Our work motivates further high-resolution X-ray and optical observations of HMXB populations in nearby star-forming galaxies. Table 2 : Parameters adopted for each model under the angular momentum budget approach.
Here q is the initial mass ratio, IMF is the initial mass function, f binary fraction, η Eddthe factor of super-Eddington accretion rate allowed, σ kick the dispersion of kick velocity, STD is the standard stellar winds while WEAK represents the standard wind mass loss rate reduced to 50%. Table 1 ) on the treatment of the CE phase. The thick dash-dot-dotted line represents the observed average XLF (labeled as "OBS-FIT") derived by MGS12 using the data of 29 nearby star-forming galaxies. In M3 (dash-dot-dotted line), the factor for super-Eddington accretion rate is set as infinity tentatively. We take an atypical distributions of mass ratio in M4 (dotted line) and a flatter IMF in M5 (short-dashed line), respectively. In M6 (long-dashed line), the dispersion of kick velocity is increased to σ kick = 265 km s −1 . We reduce the standard wind mass loss rate by a factor of 2 in M7 (dash-dot-dotted line). using the data of 29 nearby star-forming galaxies. 
